ABSTRACT X-box-binding protein 1 (XBP1) is an important regulator of a subset of genes active during endoplasmic reticulum (ER) stress. In the present study, we analyzed XBP1 level and location to explore the effect of ER stress on oocyte maturation and developmental competency of porcine embryos in an in vitro culture system. First, we examined the localization of XBP1 at different meiotic stages of porcine oocytes and at early stages of parthenogenetic embryo development. Fluorescence staining showed that expression of functional XBP1 was weak in mature oocytes and at the 1-, 2-, and 8-cell stages of embryos but abundant at the germinal vesicle (GV), 4-cell, morula, and blastocyst stages. In addition, RT-PCR revealed that both spliced XBP1 (XBP1-s) and unspliced XBP1 (XBP1-u) were expressed at the GV, 4-cell, morula, and blastocyst stages. Tunicamycin, an ER stress inducer, induced active XBP1 protein in nuclei of 4-cell embryos. Next, porcine embryos cultured in the presence of tauroursodeoxycholate, an ER stress inhibitor, were studied. Total cell numbers and the extent of the inner cell mass increased (P , 0.05), whereas the rate of nuclear apoptosis decreased (P , 0.05). Moreover, expression of the antiapoptotic gene BCL2 increased, whereas expression of the proapoptotic genes BCL2L1 (Bcl-xl) and TP53 decreased. The results indicated that inhibition of ER stress enhanced porcine oocyte maturation and embryonic development by preventing ER stress-mediated apoptosis in vitro.
INTRODUCTION
Unfolded or misfolded proteins accumulate in the endoplasmic reticulum (ER), triggering activation of the unfolded protein response (UPR) to allow cells to respond to stress conditions [1, 2] . The ER is a major site of synthesis of transmembrane proteins and lipids and is involved in maintenance of intracellular calcium homeostasis [3, 4] . When ER homeostasis is perturbed or the control mechanism overloaded, prolonged stress causes apoptosis. Although the exact mechanisms remain poorly described in mammals, three major sensors are thought to activate the UPR during ER stress-specifically, EIF2AK3 (PERK), ERN1 (IRE1a), and ATF6 [5, 6] . In mouse and human somatic cells, it has been reported that X-box-binding protein 1 (XBP1) is the major activator (downstream of ERN1) regulating expression of UPR genes. Under stress conditions, XBP1 transcription is induced, and the transcript is unconventionally spliced by an endoribonuclease that removes 26 ribonucleotides to form spliced XBP1 (XBP1-s) from unspliced XBP1 (XBP1-u) forms. However, only XBP1-s can enter the nucleus to regulate UPR genes [7, 8] . Therefore, variation in XBP1 splicing is widely used to monitor ER stress both in vivo and in vitro [9] [10] [11] .
The mechanisms controlling ER stress influence embryonic development. In the mouse, ER stress signaling was detected at the 1-cell stage and was very high at the blastocyst stage [12] . HSPA5 (GRP78/BiP), a stress-induced ER chaperone, was required to ensure cell proliferation and to protect the inner cell mass (ICM) from apoptosis during early mouse embryonic development [13] . The xbp1 gene product is essential for embryonic development in Drosophila sp. [14] . A loss-offunction Xbp1 mutant caused mouse embryonic lethality, with liver hypoplasia as the principal symptom [15] . In addition, the UPR contributed to preimplantation mouse embryo death when the DDK syndrome (embryonic lethal phenotype in crosses involving the DDK inbred strain) was evident [16] . We earlier cloned the porcine XBP1 gene, to our knowledge for the first time (GenBank accession no. FJ213449), and characterized the function of XBP1 gene expression by investigating tunicamycin (TM)-induced death of porcine embryonic fibroblasts [17] . This facilitated study of ER stress signaling during early porcine embryonic development.
Porcine embryos are hypersensitive to various agents during in vitro culture. Although a great deal of effort has been devoted to improvement of in vitro culture conditions for porcine embryos derived from in vitro fertilization and electroactivation, much remains unknown. Parthenogenetic embryos were frequently used as model system for studying in vitro culture condition or environmental stresses due to parthenogenetic embryos having physiological characteristics similar to those of fertilized embryos in early development and experimentally simple production of parthenogenetic embryos with less ethical problems [18] [19] [20] . Herein, we used parthenogenetic porcine embryos to investigate the link between ER stress and early embryonic development [21, 22] . Our results indicate that XBP1 expression may assist in oocyte maturation, embryonic genome activation, and early embryonic development in vitro. In addition, tauroursodeoxycholate (TUDCA), a bile acid that acts as a potent chemical chaperone inhibiting apoptosis associated with ER stress [23] , was evaluated in the maturation of porcine oocytes and development of preimplantation embryos. TUDCA enhanced maturation of porcine oocytes by activating the mitogen-activated protein kinase (MAPK) pathway and improved the early development of parthenogenetic embryos in vitro via inhibition of ER stressmediated apoptosis.
MATERIALS AND METHODS

Chemicals
All chemicals used in the present study were purchased from Sigma unless otherwise noted.
Cell Culture and ER Stress Conditions
Porcine embryo fibroblast (PEF) cells derived from pig fetuses (25-26 days postgestation) were cultured in Dulbecco modified Eagle medium supplemented with 10% (v/v) heat-inactivated fetal bovine serum, 1% (w/v) nonessential amino acids (NEAA), and 0.1% (w/v) gentamicin. PEF cells were maintained at 378C in a humidified atmosphere under 5% (v/v) CO 2 . To induce ER stress, PEF cells seeded in six-well dishes were treated with TM (2 lg/ml in dimethyl sulfoxide) and harvested 6 h later to serve as ER-stressed, positive controls. Animal care and all animal experiments followed the guidelines of the Institutional Animal Care and Use Committee of Chungnam National University.
In Vitro Maturation of Porcine Oocytes
Pig ovaries were collected from gilts weighing between 100 and 130 kg at a local slaughterhouse and transported to the laboratory in 0.9% (w/v) saline supplemented with 75 lg/ml of potassium penicillin G and 50 mg/ml of streptomycin sulfate at 378C within 3 h. Cumulus-oocyte complexes were separated from follicles (diameter, 3-6 mm) by aspiration through 18-gauge needles and placed in disposable, 10-ml syringes. After washing three times in TL-HEPES medium (HEPES-buffered Tyrode lactate; Sigma), oocytes were allowed to mature in 500-ll amounts of IVM medium in four-well multidishes at 38.58C under 5% (v/v) CO 2 in air. The medium used for oocyte maturation was NCSU-23 [24] supplemented with 10% (v/v) follicular fluid, 0.57 mM cysteine, 10 ng/ml of b-mercaptoethanol, 10 ng/ml of epidermal growth factor, 10 IU/ml of equine chorionic gonadotropin (eCG), and 10 IU/ml of human chorionic gonadotropin (hCG). After culture for 22 h, the oocytes were washed promptly three times with maturation medium and further cultured for another 22 h in maturation medium without hormones [24] .
Parthenogenetic Activation
After in vitro maturation, cumulus cells were removed by repeated pipetting in TL-HEPES supplemented with 0.1% (w/v) polyvinyl alcohol (PVA) and 0.3% (w/v) hyaluronidase. Oocytes were transferred to activation solution, which was 0.3 M D-mannitol, 0.1 mM MgSO 4 , 0.05 mM CaCl 2 , and 0.01% (w/ v) PVA. The oocytes were next stimulated using a direct current pulse of 15 kV/cm for 30 ls employing an ECM 2001 Electro Cell Manipulator (BTX). After activation, oocytes were washed promptly three times in culture medium and transferred into 50-ll volumes of culture medium and covered with mineral oil in 60-cm-diameter dishes (Nunc). Culture proceeded at 38.58C under 5% (v/ v) CO 2 for 7 days. The in vitro culture (IVC) medium was Porcine Zygote Medium-3 (PZM-3) [25] .
Reverse Transcription-Polymerase Chain Reaction
To analyze the expression of genes relevant to apoptosis, mature oocytes at various stages and embryos at early stages were collected. Total mRNA was extracted using RNeasy Mini Kits (Qiagen) according to the manufacturer's instructions. Total mRNA in a final volume of 20 ll (containing 0.5 mg of oligo-dT, RT buffer [13] , 10 mM dithiothreitol, and 10 mM dNTP) was subjected to reverse transcription at 378C for 50 min followed by 708C for 15 min, and products were stored at 48C until use. Each RT-PCR reaction mixture was composed of 4 ll of cDNA and 10 pmol/ll each of the appropriate forward and reverse primers in a total volume of 20 ll. The primer sequences for each gene are shown in Table 1 . The tests were performed in triplicate, and the mRNA level in each sample was normalized to that of b-actin mRNA.
Immunofluorescence
Germinal vesicle (GV), GV breakdown (GVBD), metaphase I (MI), and metaphase (MII) oocytes were collected at 0, 6, 22, and 44 h, respectively, following culture in maturation medium. In addition, 1-cell, 2-cell, 4-cell, 8-cell, morula, and blastocyst embryos were obtained at 10, 36, 38, 72, 96, and 144 h, respectively, after activation of matured oocytes. Oocytes at the GV, GVBD, MI, and MII stages and porcine embryos at various stages were fixed in 4% (v/v) paraformaldehyde for 30 min at room temperature and then permeabilized with 0.1% (v/v) Triton X-100 for 30 min. Oocytes and embryos were blocked overnight with 3% (w/v) bovine serum albumin in PBS at 48C and then incubated for 1 h at 378C with rabbit polyclonal anti-XBP1 antibody (Santa Cruz Biochemicals) diluted in blocking solution. After washing with 0.5% (v/v) Tween-20 in PBS, samples were reacted with anti-rabbit fluorescein isothiocyanate-conjugated secondary antibody in blocking solution for 60 min at 378C. Next, the samples of various stages were mounted using VECTASHIELD Mounting Medium (Vector Laboratories) containing 4 0 ,6-diamidino-2-phenylindole (DAPI). Images were obtained using a Zeiss scanning laser confocal microscope and analyzed with LSM Image Browser software (Carl Zeiss).
Dual Differential Staining
Differential staining of the ICM and trophectoderm cells of blastocysts (Day 6) was performed using a previously described technique [21] . Briefly, the zona pellucida of blastocysts was removed by incubation in 0.5% (w/v) pronase solution. After rinsing in TL-HEPES medium containing 1 mg/ml of PVA, zona pellucida-free embryos were exposed to a 1:5 dilution of rabbit antipig whole serum for 1 h. Next, the embryos were rinsed three times for 5 min each time in TL-HEPES and transferred to a solution consisting of a 1:10 dilution of guinea pig complement containing 10 mg/ml of propidium iodide (PI) and 10 mg/ml of bisbenzimide (Hoechst 33342) for 1 h. After washing, embryos were mounted on slides under cover glass and observed using ultraviolet light employing an epifluorescence microscope (Olympus). Blue and red colors were considered to be characteristic of ICM and trophectoderm cells, respectively.
TUNEL Assay
Blastocysts were washed promptly three times in PBS (pH 7.4) containing polyvinylpyrrolidone (1 mg/ml) followed by fixation in 4% (v/v) paraformaldehyde in PBS for 1 h at room temperature. After fixation, parthenotes were washed promptly in PVA-PBS and permeabilized by incubation in 0.3% (v/v) Triton X-100 for 1 h at room temperature. The embryos were next washed promptly twice in PVA-PBS and incubated with fluorescein-conjugated dUTP and terminal deoxynucleotidyl transferase (provided in the In Situ Cell Death Detection Kit; Roche) in the dark for 1 h at 378C. After counterstaining with 40 lg/ml of PI and 50 lg/ml of RNase A for 1 h at 378C to label all nuclei, embryos were next mounted with slight coverslip compression and observed by confocal microscopy.
Measurement of Reactive Oxygen Species
Mature oocytes were incubated with 10 mM 2 0 ,7 0 -dichlorodihydrofluorescein diacetate (DCHFDA) for 20 min at 398C, washed promptly three times in TCM-199 medium (Sigma), and immediately analyzed for intracellular fluorescence from DCHFDA by epifluorescence microscopy (Olympus) using excitation at 450-490 nm and monitoring of emission at 515-565 nm. A digital camera (Nikon) attached to the microscope was used to acquire images, and the mean gray values of fluorescent oocytes were measured using ImageJ software (National Institutes of Health). Background fluorescent values were subtracted from the final values before exploration of statistical differences among groups. The experiment was repeated three times using 20-25 oocytes per replicate.
Western Blot Analysis
Both MI and MII oocytes and blastocysts (n ¼ 50 per sample) were washed promptly three times in PVA-PBS and then resuspended in extraction buffer (PRO-PREP; Intron Biotechnology). Extracted proteins were separated by 10% (w/v) SDS-PAGE using a Bio-Rad apparatus and then electrophoretically transferred to membranes using a Bio-Rad Mini Trans-Blot Cell. The membranes were blocked with 5% (w/v) skim milk and 0.5% (v/v) Tween-20 in Tris-buffered saline and subsequently exposed to primary antibodies directed against rabbit polyclonal anti-MAPK3/1 (ERK1/2), mouse monoclonal anti-phospho MAPK3/1 (ERK1/2), or mouse monoclonal anti-caspase-3 (all antibodies were from Santa Cruz Biochemicals) dissolved in Tris-buffered saline containing 5% (w/v) nonfat dry milk powder and 0.1% (v/v) Tween-20. The membranes were next washed in Tris-buffered saline with 0.5% (v/v) Tween-20 for 15 min, and antibody-antigen complexes were detected using anti-mouse immunoglobulin (Ig) G or anti-rabbit IgG peroxidase conjugates followed by application of an EZ-ECL detection kit (Amersham Bioscience). All experiments were performed in triplicate. The intensities of bands on blots were measured densitometrically (Bio-Rad); the b-actin band served as a standard.
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Statistical Analysis
Each experiment was repeated at least four times. Significant differences between treatment groups were determined by general linear models of the Statistical Analysis System (SAS Institute, Inc.). Developmental rates were analyzed by the chi-square test, and cell number data were analyzed by protected least significant difference. A treatment difference was considered to be significant at P , 0.05.
RESULTS
Localization of XBP1 in Porcine Oocytes and Preimplantation Embryos
To investigate whether the ER stress signaling pathway was essential for maturation of porcine oocytes and development of preimplantation embryos, XBP1 was used as a marker as previously described [26] . To confirm the specificity of the anti-XBP1 antibody, PEFs were treated with TM for 6 h. Immunostaining results showed that XBP1 protein was localized in the cytoplasm of cells not treated with TM and in the nucleus and cytoplasm of cells exposed to TM (Fig. 1A) . In the Western blot analysis, the expression level of the activated XBP1 protein (XBP1-s) was significantly upregulated by TM treatment for 6 h, and the expression level of inactive XBP1 (XBP1-u) was not affected, which is consistent with the immunostaining analysis (Fig. 1B) . When we examined the inhibitory effects of TUDCA on the induction of activated transcription factor XBP1 by TM, TUDCA indeed reduced the level of TM-triggered XBP1 protein in PEFs treated with TM plus TUDCA. Using a specific anti-XBP1 antibody, we first examined the localization of XBP1 protein in mature oocytes and in preimplantation stage embryos. Porcine XBP1 was localized principally in the nuclei, and only weakly in the cytoplasm, in the GV, 4-cell, morula, and blastocyst stages. Moreover, XBP1 was localized primarily in the nuclei of morula and blastocyst blastomeres. Cytoplasmic expression of XBP1 was detected at the MI, MII, 1-cell, 2-cell, and 8-cell stages (Fig. 1C) . In addition, TM treatment induced more active XBP1 protein into nuclei of 4-cell embryos compared with control embryos (Fig. 1D) .
Characterization of Porcine XBP1 mRNA Splicing in Oocytes and Early Stage Embryos
Splicing of porcine XBP1 mRNA stimulated by TM was first demonstrated in PEFs. After treatment with TM for 6 h, the expression levels of porcine XBP1-s and XBP1-u were measured by RT-PCR ( Fig. 2A) . We confirmed XBP1 splicing at the GV, GVBD, MI, MII, 1-cell, 2-cell, 4-cell, 8-cell, morula, and blastocyst stages. Both XBP1-s and XBP1-u mRNA were clearly detected at the GV, 4-cell, morula, and blastocyst stages. However, only XBP1-u mRNA was detected at the MI, MII, 1-cell, and 2-cell stages (Fig. 2B) .
Effect of TUDCA on Developmental Competency of Porcine Embryos In Vitro
It has been reported that TUDCA, which serves as a chemical chaperone involved in the ER stress response, inhibits apoptosis by regulating the expression of proteins of the BCL2 family. We determined the optimal concentration of TUDCA in PZM-3 culture medium facilitating development of parthenogenetically activated oocytes. As shown in Table 2 , the cleavage rate was significantly increased (P , 0.05) when electrically activated oocytes were cultured in PZM-3 medium with TUDCA compared to those cultured in medium devoid of TUDCA. In addition, the proportion of embryos developing to the blastocyst stage in the presence of TUDCA was significantly higher than that in the control group, attaining 32.6% 6 1.0% at 50 lM TUDCA versus 25.1% 6 1.5% in controls.
Effect of TUDCA on Maturation of Oocytes Via the MAPK Pathway
The maturation rates of oocytes cultured in TCM-199 supplemented with 50 lM TUDCA to the GVBD, MI, and MII stages were significantly increased compared to those of controls (P , 0.05) ( Table 3) . Reactive oxygen species (ROS) levels and MAPK pathway activity influence the maturation of oocytes. The levels of ROS in oocytes matured in the presence of 50 lM TUDCA was significantly less than that in oocytes cultured in the absence of TUDCA, as shown by DCHFDA staining (Fig. 3A) . Western blot analysis confirmed that the expression levels of pMAPK3/1 (ERK1/2) proteins in MI oocytes cultured with TUDCA were significantly higher than those of controls (P , 0.05). However, MII oocytes did not differ significantly in terms of expression of pMAPK3/1 (ERK1/2) proteins (Fig. 3, B and C) .
Effect of TUDCA on Quality of Porcine Blastocysts In Vitro
A number of methods are available whereby blastocyst quality may be evaluated; these include double staining and use of the TUNEL assay. To identify whether TUDCA treatment improved the quality of blastocyst by inhibiting ER stress, we cultured porcine embryos in medium supplemented with TM as an ER stress-induced, positive control. In Table 4 , double staining showed the total cell numbers of blastocysts as well as cell numbers in the ICM and the trophectoderm increased significantly (by 43.3 6 1.3, 10.8 6 1.0, and 32.5 6 1.9, respectively) upon culture with TUDCA compared to those of controls (33.0 6 0.8, 5.5 6 0.6, and 27.5 6 1.3, respectively; P , 0.05). The ZHANG ET AL. development rate to blastocyst with TM was significantly lower than that for the control (13.0% 6 1.5% and 24.9% 6 0.7%, respectively; P , 0.05). Moreover, the total cell numbers of blastocysts as well as cell numbers in the ICM and the trophectoderm decreased significantly upon culture with TM compared to those of controls (P , 0.05). However, treatment with TM plus TUDCA improved developmental rate and cell numbers of blastocysts compared with TM treatment. The level of apoptosis is believed to reflect the quality of blastocysts produced in vitro. The TUNEL assay showed that the extent of DNA fragmentation in blastocysts grown in the presence of TUDCA was less (P , 0.05) than that in controls (Fig. 4, A and B) .
Effect of TUDCA on Apoptosis of Porcine Blastocysts
TUDCA is involved in prevention of ER stress-induced apoptosis. Herein, we used quantitative PCR to measure the expression levels of anti-and proapoptotic genes, including BCL2L1, TP53, and BAX, in parthenogenetic blastocysts cultured in the presence or absence of TUDCA (Fig. 4C) . Expression of BCL2L1 mRNA was significantly increased in blastocysts grown with 50 lM TUDCA compared to controls (P , 0.05), whereas the levels of BAX and TP53 were significantly (P , 0.05) decreased. Western blot analysis showed that the expression level of caspase-3 in blastocysts cultured with TUDCA was significantly lower than that in controls (Fig. 4D) .
DISCUSSION
In terms of the ER stress response, XBP1 activity is critical, and the gene is evolutionarily conserved from yeast to mammals [27] [28] [29] [30] . In previous work, the XBP1 gene was found to be essential for embryogenesis in Drosophila sp. and mouse [9, 14] . To our knowledge, however, the function of the XBP1 gene in the development of porcine embryos has not been reported. In our previous study, we cloned the porcine XBP1 gene and characterized its expression pattern (in terms of XBP1-s and XBP1-u transcripts) in PEFs growing under conditions of stress [17] . Knockdown of XBP1 affected PEF viability and induced apoptosis [31] . In the present study, porcine XBP1 functional activity was identified in oocytes and
XBP1 mRNA is expressed in porcine oocytes and preimplantation embryos. RNA was isolated from 30 oocytes and embryos of each stage and reverse transcribed. One-microliter amounts of cDNA were used as templates for PCR. The XBP1-s and XBP1-u amplicons were separated on a 2% (w/v) agarose gel. PEFs were treated with 2 lg/ml of TM for 6 h and the XBP1 splicing pattern analyzed by RT-PCR; this served as the ER stress-induced, positive control. ZHANG ET AL.
embryos of different stages, in line with the reported functions of XBP1 in PEFs. We designed primers (see Materials and Methods) that could be specifically employed to detect expression of XBP1-s and XBP1-u mRNA in oocytes and embryos of different stages. Synthesis of both active and inactive XBP1 protein modulated ER stress-signaling pathway expression during oocyte maturation and embryo development. Notably, XBP1-s mRNA was synthesized at the GV, 4-cell, morula, and blastocyst stages; peak expression was evident at the 4-cell stage. Analysis of mRNA levels showed that peaks in expression of porcine XBP1-s and XBP1-u mRNA was also seen at the 4-cell stage. Surprisingly, expression of porcine XBP1 was thus associated with embryonic genome activation. It seems likely that ER stress-induced XBP1 splicing may regulate early porcine embryonic genome activation [32] [33] [34] . To elucidate the relationship between ER stress signaling and embryonic genome activation, porcine embryos at the 4-and 8-cell stages were cultured in PZM-3 medium with TM for more than 6 h. Embryos at the early 4-cell stage did not develop into blastocysts, becoming stalled at the 8-to 16-cell stages.
However, when embryos were transferred from drug-containing to drug-free medium, the embryos progressed to blastocysts (data not shown). Together, the results show that ER stress may play a role in porcine embryonic genome activation; this should be further explored in future studies. Because porcine XBP1-s mRNA was detected in GV oocytes in vitro but not at the MI or MII stages, we explored the mechanism by which ER stress influences the maturation of oocytes. TUDCA prevented a rise in ROS levels in rat cells [35, 36] . During maturation of porcine oocytes, minimization of ROS levels is considered to be critical for optimal in vitro culture [37] [38] [39] . ROS synthesis is induced during ER stress [40] . Both the MAPK and maturation-promoting factor (MPF) pathways are involved in regulation of oocyte maturation [41] . Our analysis of MAPK/ERK expression showed that TUDCA had a beneficial effect on oocyte maturation and significantly increased the pMAPK3/1:MAPK3/1 ratio at the MI stage. However, no significant change in this ratio was evident at the MII stage. Thus, TUDCA likely inhibits ER stress, therefore improving oocyte maturation, during two distinct phases of the ER STRESS IN PORCINE OOCYTE AND EMBRYO meiotic cell cycle. The mechanisms active in these two stages differ. We thus examined the effect of TUDCA on ROS levels at the MII stage of porcine oocytes. Oocyte maturation in the presence of TUDCA indicated that inhibition of ROS generation may reduce oocyte aging. Although TUDCA did not affect the pERK:ERK ratio during the MII stage of porcine oocytes, TUDCA did increase oocyte quality, possibly by reducing the negative impact of ROS production in oocytes.
The TUNEL assay has been considered useful in exploring the quality and viability of blastocysts produced in vitro [42, 43] . Using this method, we analyzed the quality of porcine blastocysts obtained after TUDCA treatment. We found that such blastocysts showed an increased level of expansion compared to controls, with higher numbers of total cells and more ICM. Our results support the idea that TUDCA assists in porcine embryonic development. In terms of apoptosis, TUDCA plays an important role in preventing BAX transport into mitochondria [44, 45] . In addition, TUDCA, functioning as a chemical chaperone, can be used to prevent apoptosis by blocking an ER stress-mediated apoptosis pathway in mammals [46, 47] . In the present study, TUDCA at 50 lg/ml or greater significantly reduced the numbers of TUNEL-positive cells in porcine blastocysts compared to controls; this level served as an optimal concentration in the experiments that followed. The appropriate TUDCA concentration for use with embryos appears to be much lower than that for cells (200 lg/ ml), because porcine embryos are more susceptible to toxic effects than are embryos of other species or somatic cells. TM inhibits N-linked glycosylation in newly synthesized polypeptide and induces ER stress in mammalian cells [48] . The embryos treated with TM had poor-quality blastocysts. However, when embryos were cultured in PZM-3 with TM and TUDCA, the quality of blastocyst recovered to levels similar to those of the normal condition. Furthermore, the morphology and health of blastocysts developing after TUDCA treatment appeared to be better than those of controls. This indicates that TUDCA improves porcine blastocyst quality by inhibiting ER stress-induced apoptosis. BAX is a member of the proapoptotic BCL2 gene family, whereas BCL2L1 is a prominent inhibitor of apoptosis [49, 50] . We measured the expression levels of several genes central to the apoptotic pathway, including BCL2L1, BCL2, and TP53, in porcine blastocysts after TUDCA treatment. TUDCA significantly increased the expression of the antiapoptotic gene BCL2 and significantly decreased the expression of the proapoptotic genes BCL2L1 and TP53. These data indicate that TUDCA reduces TP53-induced apoptosis and modulates the expression of genes in the BCL2 family. Thus, TUDCA enhances the maturation of porcine oocytes and the development of preimplantation porcine embryos in vitro.
Together, our data suggest that porcine XBP1 may play a role in maturation of oocytes and development of preimplantation embryos. TM-induced ER stress causes arrest of porcine embryo development at the 4-cell stage in vitro. The use of maturation medium supplemented with TUDCA increased the proportion of porcine oocytes arresting in the MI stage by activating the MAPK pathway and reducing ROS levels at the MII stage. In addition, TUDCA treatment inhibited ER stressinduced apoptosis during development of porcine preimplantation embryos and enhanced the quality and viability of blastocysts.
